The degradation of phenylalanine initiated by 2-pentenal, 2,4-heptadienal, 4-oxo-2-12 pentenal, 4,5-epoxy-2-heptenal, or 4,5-epoxy-2-decenal in the presence of phenolic 13 compounds was studied to determine the structure-activity relationship of phenolic 14 compounds on the protection of amino compounds against modifications produced by 15 lipid-derived carbonyls. The obtained results showed that flavan-3-ols were the most 16 efficient phenolic compounds followed by single m-diphenols. The effectiveness of 17 these compounds was found to be related to their ability to trap rapidly the carbonyl 18 compound, avoiding in this way the reaction of the carbonyl compound with the amino 19 acid. The ability of flavan-3-ols for this reaction is suggested to be related to the high 20 electronic density existing in some of the aromatic carbons of their ring A. This is the 21 first report showing that carbonyl-phenol reactions involving lipid-derived reactive 22 carbonyls can be produced more rapidly than carbonyl-amine reactions, therefore 23 providing a satisfactory protection of amino compounds. 24
Introduction 34
Lipid oxidation is responsible for the deterioration of polyunsaturated fatty acyl 35 chains in food lipids and the later changes produced in flavor, texture, appearance, and 36 nutritional quality of food products (Liu, The reaction between 4,5-epoxy-2-heptenal and amines and amino acids was described 111 previously and it produces different pyrroles and polymers (Hidalgo & Zamora, 1993) . 112
The most stable of the produced compounds with phenylalanine is 3-phenyl-2-(1H-113 pyrrol-1-yl)propanoic acid (15). 114
The different compounds present in the reaction mixtures were derivatizated 115 differently with methyl chloroformate (Fig. 2) . Thus, phenylalanine (14) was converted 116 into methyl (methoxycarbonyl)phenylalaninate (16), the reaction product 3-phenyl-2-117 (1H-pyrrol-1-yl)propanoic acid (15) was converted into methyl 3-phenyl-2-(1H-pyrrol-118 1-yl)propanoate (17), and the internal standard catechol (18) was converted into the 119 corresponding dimethoxycarbonyl derivative (19). On the contrary, 4,5-epoxy-2-120 heptenal (20) was not modified as a result of the derivatization reaction. 121 
GC-MS analyses

1-yl)propanoic acid contents 137
Quantification of phenylalanine and, in some experiments, also of 4,5-epoxy-2-138 heptenal, was carried out by preparing standard curves of both compounds and 139 following the derivatization procedure described above. Phenylalanine and 4,5-epoxy-2-140 heptenal contents were directly proportional to the analyzed compound/internal standard 141 area ratio (r > 0.999, p < 0.0001). The coefficients of variation were < 10%. 142
The calibration curve of 3-phenyl-2-(1H-pyrrol-1-yl)propanoic acid was prepared in 143 an indirect way because the corresponding standard was not available. Its quantification 144 was carried out by heating at 100 ºC mixtures of phenylalanine methyl ester (20 µmol) 145 and 4,5-epoxy-2-heptenal (40 µmol) in methanol-d4 (1 mL) and trimethylamine (5 µL). 146
Mixtures heated for different reaction times were studied simultaneously by GC-MS, as 147 Thus, the methylene proton of phenylalanine methyl ester used for the integration 162 appeared at  3.03 ppm (dd, 1H, J = 13.5 Hz, J = 6.2 Hz) and the pyrrolic protons of 163 methyl 3-phenyl-2-(1H-pyrrol-1-yl)propanoate appeared at  6.04 ppm (t, 2H, J = 2.1 164 Hz) and  6.73 ppm (t, 2H, J = 2.1 Hz), respectively. 1 H NMR spectra were obtained by 165 a Bruker Advance III spectrometer operating at 500 MHz. Acquisition parameters were: 166 spectral width 10000 Hz, relaxation delay 1s, number of scans 16, acquisition time 167 3.277 s, and pulse width 90, with a total acquisition time of 1 min 17 s. 168
HPLC-HRMS 169
In order to further characterize the carbonyl-phenol adducts formed, reaction 170 mixtures prepared in Section 2.2 were also fractionated on a Zorbax Eclipse XDB-C18 171 column (15 cm  0.46 cm i. d., 5 µm) from Agilent (Santa Clara, CA) and studied on a 172 micrOTOF-QII ultra high resolution time-of-flight (UHR-TOF) mass spectrometer with 173 q-TOF geometry (Bruker Daltonics, Bremen, Germany) as described previously 174 (Zamora, Aguilar, Granvogl, & Hidalgo, 2016). 175
Statistical analysis 176
All data given are mean  SD values of, at least, three independent experiments. 177
Statistical comparisons among different groups were made using analysis of variance. 178
When significant F values were obtained, group differences were evaluated by the 179 Tukey test (Snedecor & Cochran, 1980) . Statistical comparisons were carried out using In order to understand the role of structure-activity relationship of phenolic 210 compounds on their protective effect, the phenolic compounds collected in Fig. 1 were 211 tested to determine their protective effect against the disappearance suffered by 212 phenylalanine in the presence, or not, of 4,5-epoxy-2-heptenal. This lipid oxidation 213 product was selected because it was the lipid oxidation product that produced the 214 highest disappearance of phenylalanine (Table 1 ). The obtained results are shown in 215 Table 2 . Two different behaviors were observed depending on the presence or not of the 216 lipid oxidation product. 217
When the lipid oxidation product was absent, some phenolic compounds were able to 218 decrease significantly (p < 0.05) the amount of phenylalanine recovered, and only one 219 of them (2-methylresorcinol) increased it. Thus, the phenolic compounds that decreased 220 (p < 0.05) the amount of phenylalanine recovered were 4-methylcatechol, 221 hydroquinone, and myricetin. These compounds have the common characteristic of 222 having two phenol groups in ortho or para positions, and they have been shown to be 223 able to degrade amino acids because of their behavior as reactive carbonyls (Delgado, 224 Zamora & Hidalgo, 2016b) . 225
When the lipid oxidation product was present, some phenolic compounds were able 226 to protect phenylalanine and others not. The compounds that protected phenylalanine 227 were epicatechin, catechin, 2-methylresorcinol, resorcinol, 2,5-dimethylresorcinol, 228 morin, resveratrol, and myricetin. On the other hand, 2,6-dihydroxybenzoic acid, 4-229 methylcatechol, hydroquinone, sesamol, and quercetin did not show any significant (p < 230 0.05) protective effect. 231
Effect of the concentration of the phenolic compounds on the protection exhibited 232
by these compounds against the phenylalanine disappearance produced by 4,5-epoxy-2-233 heptenal 234
The protection offered by phenolic compounds against the amino acid disappearance 235 produced by lipid oxidation products depended on the concentration of the phenolic 236 compounds. Thus, for those phenolic compounds that protected the amino acid, the 237 amount of amino acid recovered increased linearly (r > 0.99, p < 0.02) as a function of 238 the concentration of the phenolic compound in the range 0-15 µmol. Fig. 3 shows that 239 the protective effect of phenolic compounds was observed even at low concentrations of 240 the phenolic compound for the most active phenols. Analogously to that shown in Table  241 2, the most protective compounds were the flavan-3-ols followed by simple m-242 diphenols. Lower protective effects were exhibited by some flavonols and the stilbenoid 243 analyzed. On the other hand, the protective effect of 2,6-dihydroxybenzoic acid and 244 sesamol was negligible. 245
Effect of reaction time on the protection exhibited by phenolic compounds against 246 the phenylalanine disappearance produced by 4,5-epoxy-2-heptenal 247
In order to understand how the protection of phenylalanine is produced, the 248 disappearance of both phenylalanine (14) and 4,5-epoxy-2-heptenal (20), and the 249 formation of the adduct 3-phenyl-2-(1H-pyrrol-1-yl)propanoic acid (15) was studied as 250 a function of reaction time (Fig. 4) . 251
In the absence of phenolic compounds, the disappearance of the amino acid and the 252 aldehyde were parallel and there was a correlation among them (r = 0.969, p = 0.0003).
12
This disappearance was also simultaneous to the formation of the oxidized lipid-amino 254 acid adduct 3-phenyl-2-(1H-pyrrol-1-yl)propanoic acid. A behavior similar to the 255 control was also observed for quercetin, therefore confirming the null protection of this 256 flavonol. Contrarily to quercetin, the flavan-3-ols catechin and epicatechin completely 257 protected phenylalanine during the studied time. This protection seemed to be a 258 consequence of the ability of these phenols to sequester the 4,5-epoxy-2-heptenal. As 259 observed in Fig. 4B , sequestering of the aldehyde by flavan-3-ols was almost 260 instantaneous and most of the aldehyde had disappeared at t = 0 min. This sequestering 261 also avoided the formation of the adduct 3-phenyl-2-(1H-pyrrol-1-yl)propanoic acid 262 ( 
Formation of carbonyl-phenol adducts 271
To confirm that the rapid disappearance of 4,5-epoxy-2-heptenal was a consequence 272 of the formation of the corresponding carbonyl-phenol adducts, the reactions between 273 phenylalanine, 4,5-epoxy-2-heptenal, and resorcinol or 2-methylresorcinol were 274 derivatizated with methyl chloroformate and studied by GC-MS to identify the 275 corresponding adducts. These phenolic compounds were selected because they have a 276 small molecular weight and, therefore, the molecular weight of the corresponding 277 adduct should be low enough to be studied by GC-MS. As shown in Figs. S-1 and S-2 278 13 (Supplementary Material), peaks having the expected molecular weights were identified 279 and tentatively assigned to carbonyl-phenol adducts. The exact molecular masses of 280 these adducts, and therefore, their molecular formulas could be confirmed by HPLC-281 HRMS, as described below. 282
Both reactions had very similar gas chromatograms, with 6 compounds that 283 corresponded to carbonyl-phenol adducts. The reaction with resorcinol produced 1 284 adduct with a molecular weight of 276 Da (compound A) and 5 adducts with a 285 molecular weight of 294 Da (compounds B-F; Fig. S-1, Supplementary Material) . adduct H had a mass spectra that was different to the mass spectra of adducts I-L. These 313 last compounds had a similar fragmentation pattern. Among the different compounds 314 produced, one of them (compound J) seemed to be the main reaction product. There 315 was an evident parallelism between both reactions, including the retention times of the 316 corresponding produced adducts and their mass spectra. Thus, structure of adduct A 317 should be similar to G, structure of adduct B to F, and so on. The only difference should 318 be the presence of a methyl group in the aromatic ring of the initial phenolic compound. 319
As described above for the reaction involving resorcinol, the exact molecular masses 320 (M + -1) of adducts H-L could be determined and corresponded to the molecular 321 formula C16H19O6 (error < 5 ppm). These results also confirmed the participation in 322 these adducts of 1 molecule of phenol, 1 molecule of aldehyde and the derivatization of 323 only 1 hydroxyl group with methyl chloroformate. Analogously to the above described 324 for adduct A, adduct G could not be unambiguously detected by HPLC-HRMS. The obtained results suggest that the protection of phenolics against the amino acid 342 damage produced by lipid oxidation products is directly related to their ability to 343 sequester the oxidized lipid: the faster they remove the aldehyde, the lower damage is 344 produced in the amino acid. As shown in Fig. 4 , when the lipid oxidation product was 345 rapidly removed, it could not react with the amino acid. However, this ability was not 346 randomly observed. In fact, it depended on the phenol structure. 347
In the studied damage of amino acids produced by epoxyalkenals, the phenols that 348 exhibited the highest protective effect were flavan-3-ols followed by single m-349 diphenols, with the exception of 2,6-dihydroxybenzoic acid. Much lower protective 350 effect was exhibited by the stilbenoid resveratrol and the flavonols morin and myricetin. 351 
